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1. Introduction 
• • • • • • • • • • ^ • • • • • ^ ^ • • • • • • • • • • i m h m i m h ^ i i 

Serbia is located between four mountain chains, the Dinaric 
Alps to the west, the Eastern Carpathians to the east, the Balkan 
Mountains to the southeast and the Rhodopes to the south. 
This region is one of the most complex geological areas on the 
Central Balkan Peninsula, i.e. the Alpine-Carpathian-Balkan-
Dinaride orogen (ACBD) formed through a long history of 
multiple deformations (Fig. I). 

The ACBD, one of the most intricate regions within Europe, 
has still not been completely researched, especially as regards 
Tethyan tectonics. There are noticeable differences in signifi-
cance and interpretation of many tectonic units and a number of 
ideas relating to their evolution. These discrepancies undoubt-
edly require the compilation of locally obtained data and, nat-
urally, scientific debate. In this course, we suggest exploration 
of some Lower Cretaceous sediments and Upper Cretaceous 
magmatites and related copper ore deposits in the Timok mag-
matic complex in East Serbia as part of the southwest Carpathian 
arc so that geologists may acquaint themselves with their features. 

1.1 Geological and tectonic setting 

There are several opinions about the geotectonic framework of 
Serbia and the adjacent regions, where some differences in 
detail may be noticed (Karamata & Krstié, 1996; Karamata, 
2006; Dimitrijevic, 1997,2001; Schmid etal., 2008; Robertson 
et al., 2009). Briefly, the following units may be distinguished 
from east to west: (1) the East Serbian Carpatho-Balkanides; 
(2) the Serbo-Macedonian Massif; (3) the Ophiolite Suture(s) 
Complex with the Vardar zone mélange, the Jadar, Kopaonik 
and Drina-Ivanjica basement units and the Dinaride mélange; 
(4) units of the External Dinarides (Fig. 2). This field trip goes 
through the East Serbian Carpatho-Balkanide geotectonic unit. 

The geodynamic evolution of the Central Balkan Peninsula 
is very complex. In order to understand it, we should start with 
a brief overview of the geological map of Serbia where a com-
plex NNW-SSE stretching zone of ophiolites is immediately 
noticed (Fig. 1). This suture zone (or zones) comprises relics 
of an obducted oceanic lithosphere, numerous tectonic blocks 
(olistoliths) and sediments of various age (Karamata, 2006; 
Robertson et al., 2009 and references therein). In simple 

: 500 000) and geographical posit ion of Serbia (a. b). Fig. 1. Geological m a p (1 
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Fig . 2. O u t l i n e geo tec ton i c f r a m e w o r k of Se rb ia and a d j a c e n t reg ions . K e y : C B E S : Eas t -Se rb i an C a r p a t h o - B a l k a n i d e s ; S M M : S e r b o - M a c e d o n i a n M a s s i f ; 

M V Z : M a i n Vardar Z o n e ; V Z W B : Vardar Z o n e Wes te rn Belt ; JB: J a d a r B l o c k ; D I E : D r i n a - I v a n j i c a E l e m e n t ; D O B : D ina r ide O p h i o l i t e Belt ; E B D U : Eas t 

Bosn i an D u r m i t o r Uni t ; BF: Bosn i an F lysch ; V F : Vrbas Faul t ; C B M : Cen t ra l Bosn i an M o u n t a i n Un i t ; D C P : D i n a r i d e C a r b o n a t e P l a t f o r m ; A C P : Adr i a t i c 

C a r b o n a t e P l a t fo rm; a) Te r ranes o f the C B E S : V C M T : Vräka C u k a MiroC Ter rane ; H T H o m o l j e Te r rane , S P P T Stara P lan ina Po rec Ter rane , K T K u i a j 

Te r rane (da ta a c c o r d i n g to K a r a m a t a & Krs t ic , 1996; K a r a m a t a , 2 0 0 6 ; R o b e r t s o n et a!., 2009 ) . 

terms, two continental units are divided by a complex dis-
membered ophiolite belt (Figs. 1, 2). These continental units 
were part of the southern/south western margin of Europe 
(Eurasia) and northern/northeastern margin of Africa (Gond-
wana) which, before the end of the Mesozoic period, were 
separated by the Tethys Ocean. After the final closure of the 
Tethys Ocean, probably close to the end of the Cretaceous 
period, these continental margins shared a common geological 
history. Certainly, before the beginning of Cenozoic period, 
the areas situated eastwards and westwards of the ophiolites 
underwent a different evolution. We shall focus on the eastern 
area, i.e. the East Serbian Carpatho-Balkanides and neighbour-
ing Serbo-Macedonian Massif comprising a number of small-
er east-vergent tectonic units. According to some authors, 
these units represent accreted Paleozoic terrains to the stable 
south/southwestern European margin, i.e. to the Moesian plat-
form, before the Permian age (Fig. 2a). Due to post-accretion 
compressive tectonics and the deposition of younger sediments 
(so-called overstep sequences) the original border between them 
is mostly obscured (Karamata & Krstic, 1996; Karamata, 2006). 

Generally speaking, the ACBD is generated by the interac-
tion of several microplates that existed between the African 
and Eurasian continents during closure of the Tethys Ocean 
(Willingshofer, 2000; Neugebauer et a/., 2001; Neubauer, 
2002; Neubauer & Heinrich, 2003). The complexity of the tec-

tomagmatic and metal logenetic evolution of the Apuseni-Banat-
Timok-Srednogorie Metallogenic belt is illustrated by a vari-
ety of geodynamic models, in which a slab rollback and a slab 
tear model dominate. Both of them are based on processes relat-
ed to Cenozoic consumption of the Penninic Ocean (Csontos 
etal., 1992; Linzer, 1996; Wortel & Spakman 2000; Lips, 2002; 
Neubauer, 2002; Von Quadt et a/., 2005; Zimmerman, 2006). 
Recent work by Zimmerman et al. (2008) proposed a slab roll-
back metallogenetic-tectonic model for the evolution of the 
Apuseni-Banat-Timok-Srednogorie Metallogenic belt which 
coincides with the assumption of orogenic collapse (Berza et al., 
1998; Bojar et al., 1998; Neubauer, 2002). 

The ACBD sensu lato comprises several tectonic units (Fig. 3; 
for detail see Zimmerman et al., 2008). This bent orogen is 
created in two independent stages of continent-continent col-
lision during the Mid to Late Cretaceous and Late Eocene-
Oligocene periods i.e. the final collision of the stable European/ 
Moesian platform and the Adriatic plate (Fig. 4, Neubauer & 
Heinrich, 2003). In general, these processes are related to north-
ward/northeastward subduction in front of the southern margin 
of European plate, convergent movement between Africa and 
Eurasia with consumption of the Vardar ocean in the Hellenic 
trench-arc, and extension after the closure of the Vardar Ocean 
during a pre-orogenic stage of Balkan-Dinaride evolution (e. g. 
Boccaletti etal., 1974a, 1974b; Antonijevic etal., 1974; Ivanov 
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Fig. 3. Schematic cross section 
through the Tethyan system at its 
most extended state in the 
mid-Mesozoic. Conceptual synthesis 
of cross sections by Boccaletti el al. 
(1974a, b), Aiello el al. (1977), 
Hsu el al. (1977), and Ricou el al. 
(1998). Explanation: Drama block 
(Rodopian and Serbo-Macedonian 
massifs), Pelagonian block 
(Dinaride and Hellenide 
mountains). Redrawn from 
Zimmerman et al. (2008). 

et al., 1979; Popov, 1987). The rifting was the result of post-
collisional orogenic collapse (Berza et a!., 1998; Nicolescu et 
al., 1999; Popov et al., 2000; von Quadt et al., 2005). The 
multiphase rifting within the Apuseni-Banat-Timok-Srednogorie 
Metallogenic belt was followed by collisional events during 
the Austrian (Early Cretaceous), Laramide (Late Cretaceous) 
and Alpine (Tertiary) phases. Tertiary movements northwards 
against the stable European continent and their extrusion into 
the future Carpathian region seriously deformed the Cretaceous 
orogen (Neugebauer et al., 2001). 

In the Eastern Serbian Carpatho-Balkanides (CBES, see 
Fig. 2), the later phases of Vardar Ocean closure at the end of 
Cretaceous period caused strong calc-alkaline magmatic activ-
ity (mostly andesitic), which was probably related to active 
margin tectonic processes, i.e. to eastward subduction. The 
magmatism in the area of the CBES lasted from the Early 
Turonian to Paleogene periods. In the Timok area, taking into 
consideration existing data (89-70 Ma), magmatism undoubt-
edly shows systematic younging (displacement of magmatic 
pulses) from southeast to northwest (trenchward?) and specif-
ic changes in composition. The worldclass Cu-Au ore deposits 
in East Serbia, i.e. the Timok Magmatic Complex (TMC), are 
related to this magmatism. 

carbonate and detrital sediments form part of the carbonate 
platforms of central and eastern Serbia (Fig. 5). 

The main objective of this part of the field trip is to empha-
size the importance of glauconitic formation as a stratigraphie 
horizon. It is known that authigenic glauconite may only form 
under a limited range of geological and geochemical condi-
tions, i.e. on the outer margins of continental shelfs, in areas of 
low sediment input. For this reason it may be used as an indi-
cator of transgressive sequences in the Dinaride and Carpatho-
Balkanide areas. 

Sedimentary glauconite formations are visible in the south-
western part of the Carpatho-Balkanide or Carpathian paleo-
geographic area and the northeastern margin of the Dinarides 
and eastern margin of the Main Vardar Zone known as the 
Sumadija paleogeographic area according to Andelkovic ( 1975a, 
Fig. 6). The Lower Cretaceous formations range in age from 
the Berriasian to Albian periods. The localities we should visit 
have been selected to present the best geological picture given 
their accessibility and the time available. The order of obser-
vation dictates the order of the field trip itinerary. Outcrops of 
Lower Cretaceous sediments commonly show beds of only one 

2. The Lower Cretaceous glauconitic 
formations of Serbia 

The Mesozoic sedimentary cover in the Serbian part of the cen-
tral Balkan Peninsula, including the southeastern Carpathians, 
mostly overly the Paleozoic rocks. Evolved sedimentary facies 
are mainly composed of carbonate rocks and clastites implying 
shelf-, reef- and pelagic-type deposition from the Middle Triassic 
to late Early Cretaceous ages. The most widespread are shal-
low-water clastic and carbonate facies. Pelagic deep-water 
facies are related to the Middle Triassic period in Western Serbia 
(the Valjevo basin) and the Jurassic and Early Cretaceous peri-
ods in East and Central (Sumadija) Serbia. Sedimentation was 
followed by intermittent submarine volcanic activity and the 
deposition of volcano-sedimentary facies. Lower Cretaceous 

• 4 

10 

Fig. 4. Palaeogeographic reconstruction of the ABTS belt during Late Cretaceous 
time according to Neugebauer el al. (2001) and Neubauer (2002). Redrawn from 
von Quadt et al. (2005). 

Late Cretaceous 
83 Ma 
Santonian/Campanian 

EA-WC ALCAPA col l i s ion belt : 
EA: Eastern Alps 
WC Western Carpathians 
AL Alps; CA: Carpathians: PA Pannonia 
TD • Tlsla/Dacla col l is ion belt 
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30' 
Vardar Ocean 
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Fig. 5. Mesozoic cover and position of carbonate platrforms of Serbia (based 
on thel : 500 000 geological map of Serbia) and paleogeographic areas. 

Legend: 1 - Jadar carbonate platform and Carbonate platform ofSW Serbia 
(Radoldic, 1982: Dimitrijevic & Dimitrijevic, 1991. Dimitrijevic et at., 1996): 
2 - Miroc carbonate para-platform; 3 - Central part of Kucaj-Tupiznica car-
bonate platform; 4 - Western margin of Kucaj-Tupiznica platform (Grubic & 
Jankicevic, 1973). 

formation, most of them are only a few to 10 m, rarely 100 m 
thick. All the localities are fossiliferous. 

The Lower Cretaceous glauconitic formation in Sumadija 
area and the Carpathian area (Fig. 6) has not been studied in 
detail according to available geological data (Protic, 1969; Andel-
kovic & Antonijevic, 1975; Rabrenovic & Jovanovic, 1992). 

The Serbian part of the northeastern Dinarides extends from 
Belgrade via Kragujevac to Mt. Kopaonik to the south (the 
Sumadija paleogeographic area, Andelkovic, 1975a). It compris-
es local Neocomian terrigenous or terrigenous-carbonate sedi-
ments with effusions of small basaltic lava flows or pillow-lavas 
and diabases, Barremian-Aptian terrigenous sediments are rich 
in fossil fauna and ammonites, with abundant Albian shallow-
marine shelf carbonates and limited terrigenous sediments. 

Within the Carpathian region two basins have developed: 
the Lower Neocomian terrigenous flysch of Luznica overlapped 
by post-flysch marly psammitic sediments to the west and the 
Krajina Basin to the east with Lower Neocomian carbonate-
terrigenous flysch known as "Timok Strata" and Barremian-

Fig. 6. Lower Cretaceous sediments of the surroundings of Beograd (based on 
the Beograd and Obrenovac sheets of the 1 : 100 000 geological map of Serbia) 
and location of the visiting areas (rectangle). 

Aptian terrigenous flysch. The southeastern parts comprise Lower 
Cretaceous deep-water fossiliferous clayey carbonate sediments. 

The best exposures of glauconitic sandstones occur in the 
vicinity of Belgrade and southwest of Zajecar (Fig. 5). 

2.1 Belgrade area 

Lower Cretaceous sediments built up the western (Strazevica, 
Kijevo) and southern (Topcider, Banovo Brdo, Kosutnjak, 
Dedinje) hills of Belgrade (Fig. 6). These sediments are wide-
spread in the Zarkovo-Cukarica-Rakovica-Resnik zone, south-
west of the river Topcider (Fig. 6). Due to deepening of the sea 
basin that began in the Late Jurassic period and continued into 
the Barremian (Early Cretaceous), shallow-marine marly-

5 • 
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psammitic to calcareous and ammonite abundant clayey-car-
bonate pelagic sediments were deposited. Barremian and 
Aptian sediments are closely related to Urgonian sedimentary 
facies, in which clastic sediments are associated with massive 
fossiliferous Urgonian limestones. For example, in the Kosutnjak 
locality, clastites are represented by sandstones and conglom-
erates abundant in serpentinite and chert rock fragments and 
calcareous grains occasionally with oolites embedded in the 
calcitic matrix. The plentitude of serpentinite rock fragments as 
well as accessory chromite suggest a supply of material from 
the ultrabasic cliffs (Protic, 1969). Furthermore, in the Rakovica 
locality, Aptian biochemical limestones are interbedded with 
oolitic calcarenites, and in the Topcider locality, serpentinite-
bearing calcarenites occur over the limestones. Serpentinitic cal-
carenites (Protic, 1969) are mostly composed of oxidized ser-
penitinite fragments (0.2-1 mm in diametar) and calcitic grains 
cemented by sparry calcite. Clasts of quartz, chert and diabase 
occur in a lesser amount. The calcium carbonate content ranges 
from 43 to 55.2 wt%. Accessory minerals are magnetite, 
chromite, zircon and titanite. In general, the Barremian-Aptian 
calcarenitic sediments (abundant in serpentinite rock fragments) 
are poorly layered and closely related to biochemical lime-
stones. The grain : micrite ratio is 1 : 9, which implies deposi-
tion in a high to medium wavy environment. The biochemical 
limestones were deposited in several stages i.e. during or 
immediately after calcarenites or at single intervals. 

The small exposures of Albian sediments are located in 
tectonic sink terrains or at anticline hinges. The lower and mid-
dle parts of the Albian sequence contain conglomerates, sandy 
conglomerates, ferruginous sandstones, glauconitic sandstones, 
oolitic iron ores etc. (Fig. 7). Its upper part is composed of 
sandy marls and marly sandstones. These sediments transgres-
sively overlie Tithonian-Valanginian or Hauterivian limestones. 
According to Andelkovic (1975b), the sandstones and conglom-
erates with oolitic iron ores exposed on the southern slope of 
Kosutnjak Hill are somewhat older than the Lower and Middle 
Albian fossiliferous ferruginous sandstones. Comparison of 
ferruginous sediments with oolitic iron ores within the Sumadi-
ja area, including Belgrade, suggests that their stratigraphic posi-
tion has not been clearly defined up to now. According to avail-
able data they lie over serpentinites or transgressively overlie 
Urgonian limestones and older sediments. Furthermore, interca-
lation with Urgonian limestones have also been noted as well as 
their appearance at different levels of the Albian sediments. 

The ferruginous sandstones and pelitic sediments with 
oolitic iron occur in the Zarkovo district, close to the settle-
ment and quarry called Zmajevac. Here, poorly cemented 
clayey sediments with chert and serpentinite pebbles contain 
clusters of oolitic and pisolitic grains mostly composed of 
hematite, maghemite, magnetite, limonite and chlorite. 

The southeastern part of Kosutnjak Hill (Fig. 6) comprises 
coarse grained ferruginous sediments and oolitic (pisolitic) 
iron ores (hematite, magnetite, limonite and Fe silicate). Its 
southern slope is tectonically deformed and crumbling; the 

conglomeratic sandstones and conglomerates comprise most-
ly serpentinite and chert clasts. 

The fossiliferous Albian glauconitic sandstones near 
Belgrade occur in a few localities: Zarkovo (the Repiste stream), 
SW Kosutnjak, Rakovica (close to the monastery), Banovo 
Brdo (Cukarica-Maki§, Fig. 6). 

The compact dark green fine grained glauconitic sandstone 
occurring on the southwestern slope of Kosutnjak Hill (Fig. 6, 
7) is exposed in the profile of a rail section and contains sub-
angular quartz, oval glauconite ( -40 wt%) and rounded calcite 
grains. The rim of many glauconite grains (-0.2 mm in diam-
eter) is limonitized, while some of them contain calcitic mat-
ter in the core. The glauconite is detrital in origin and was 
probably formed in a reductive marine environment. Undoubt-
edly, some of the detrital glauconite was generated by the 
replacement of calcareous fossils (Protic, 1969). 

The sedimentology and biostratigraphy of the Upper Aptian 
i.e. Clansayesian and Albian in the f ukarica-Makis area were 
studied in detail by Rabrenovic & Jovanovic (1992). These 
sediments are exposed in the Repiste stream in a section along 
the Cukarica-Makis road (Fig. 6). According to lithological and 
paleontological data, the Upper Aptian (Clansayesian) sequence 
comprises two lithological units: gray massive limestones with 
Floridea algae (Jankicevic & Peybernes, 1985; Jankicevic & 
Rabrenovic, 1990) and ferruginous sandstones and sandy lime-
stones with ammonites of Jacobi Zone. The Albian unit consists 
of ferruginous, mostly glauconitic, sandstones with ammonites 
from the Early Albian (Laymeriella tardefurcata, Douvilleiceras 
nammillatum) and Middle Albian (Ptizoisia, Inaceramus) ages. 
The Upper Albian gray siltstone, shale and sandy limestone 
enclose Mortoniceras (Pervinqitierian) inflation Zone (Puzosia 
mayoriana d'Orbigny - shell > 25 cm in diameter, P. mavori-
ana Africana Kilian, Hamites cf. simplex (d'Orbigny). 

In the Belgrade area, according to present ammonite fauna, 
three stratigraphic levels are distinguished (Fig. 7): 

• the lowest Clansayesian transitional level between Aptian 
and Lower Albian (Repiste) 

• the Lower and Middle Albian horizon (Kosutnjak, Rakovica, 
Cukarica-Repiste) with up to 3-13 m thick ferruginous and 
glauconitic sandstone containing ammonitic fauna (so-called 
stratigraphic condensation) 

• the Upper Albian level with transition to Cenomanian 
(Kosutnjak, Repiste, Rakovica): sandy marl and marly to 
clayey sandstone overlie ferruginous (glauconitic) sand-
stones. Marls and marly sandstone from the northeast side of 
Kosunjak Hill show transition from Albian to Cenomanian. 

2.2 Carpathian area 

Within the Carpathian region of Serbia, occurrences of glau-
conite are also related to Albian sandstone (Fig. 8). At the end 
ot the Aptian period, this region underwent regression. During 
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Fig. 7. A gene ra l i s ed 
l i thos t ra t ig raphic 
c o l u m n o f the A lb i an 
s t ra t ig raphie l eve l s 
in the the s u r r o u n d i n g s 
o f B e o g r a d . Da ta m o s t l y 
f r o m A n d e l k o v i c ( 1 9 7 3 , 
1975a) , Pro t ic ( 1969) , 
R a b r e n o v i c & J o v a n o v i c 
(1992 ) . 

Cenomanian 

c 
ro 
-d 
< 

Q. 
Z> 

a! 
t3 •g 5 

Clansayesian 
level 

Aptian 

KEY: 

Cukarica 
Repiâte Barajevo 

9J. 

Ruèanj 

Rakovica 
stream 
mouth 

Bubanj 
stream 

Shale Sandy 
claystone 

Marls, siltstone, 
sandy siltstone 

Ferruginous, glauconitlc 
sandstone 

Sandy limestone, 
limestone 

the Albian age, transgression took place, resulting in the dep-
osition of glauconitic sandstone (25-60 vol% of glauconite) in 
the Early Albian, ferruginous sandstone in Middle Albian, and 
fossilifeous sandy marl and clayey sadstone with ammonites, 
shells and belemnites in the Late Albian to the Cenomanian 
period. This shallow-marine "Lenovac Strata" (Andelkovic & 
Nikolic, 1974) or "Lenovac Clashes" (Bordevic & Banjesevic, 
1997) transgressively overlie Baremian limestones and Aptian 
sanstones and marls. 

Sediments of Late Albian and Albian-Cenomanian origin 
are the most widespread. They lie over Middle Albian sand-
stone or are transgressively deposited on older rocks. The best 
outcrops are located in the Golubac, Kucaj, Svrljig, Suva 
Planina, Belava, Crni Vrh, Ozren, Device, Stara Planina and 
Tupiznica mountains (Fig. 8). 

The Lower Albian belt consists of green and red ferruge-
nous sandstones with ammonites (Kossmatella agassiziana 
Pict., Latidorsela latidorstata Mich., Tetragonites timoth-
eanus Mayg., Hamites virgidatis d'Orbigny, Actinoceramus 
concentricus Park., Inoceraus salomoni d'Orbigny) and echin-
oderme (Discoidea conica Des.). The lower levels of the 
Upper Albian and Albian-Cenomanian area consist of fine 
grained green sandstones and marly sandstone with transition 
to ammonite-rich shales (Puzosia mayoriana d'Orbigny, 
Puzosia planulata Sow., etc.). 

The "Lenovac Clashes" (up to 100 m thick) at Mount 
Tupiznica (Lenovac, Brzakovica, Pcela, Gornja Bela river, 
and GrliSte) are made of dark green massive to stratified 
coarse grained to conglomeratic glauconitic or ferrugenous 

sandstone and gray to dark blue layered sandy aleurolite and 
sandy marl. Nodular friable brachiopode-rich ferrugenous sand-
stone occur at some places. Here, according to the fossil fauna, 
three levels may be distinguished: 

• Lower Albian: detrital and nodular ferrugenous sandstone 
with limonite nodules rich in Brachiopodes (e. g. 
Terebratula dutemplena d'Orbigny); 

• Middle Albian: dark bluish and green marl and Amonite-
rich ferrugenous sandstone (e.g. Latidorsela latorastata 
Mich., Beudanticeras beudanti Brong., etc.); marls 

• Upper Albian and Albian-Cenomanian: greenish coarse to 
fine grained detrital sandstone and Amonite-rich ferruge-
nous sandstone (e.g. Anisoceras armatum Sow., Puzosia 
mayoriana d'Orbigny, etc.). 

Close to Gamzigrad, these Upper Albian sediments overlie the 
Urgonian limestone. The gradual transition to Cenomanian strat-
ified clayey sandstone and siltstone is noted in the upper level. 

To the north from Mt. Tupiznica the "Lenovac Clashes" 
are widespread in the Veliki Krs and Majdanpek-Krivelj local-
ities. There the "Lenovac Clashes" comprise green to brown 
clayey glauconitic sandstone with Upper Albian fauna 
(Puzosia mayoriana d'Orbigny, Anisoceras armatum Pict., 
etc). On the eastern side of the Golubac Mountains glauconitic 
limestone and sandstone are preserved in a tectonically nar-
rowed zone. To the south from Tupiznica (the Knjazevac area) 
clayey glauconitic sandstone and sandy marl with ferruginous 
cephalopodic limestone are widespread (Fig. 8). 

7 • 
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Fig. 8. (a ) O u t l i n e m a p of A lb i an and A l b i a n - C e n o m a n i a n s e d i m e n t s in the C a r p a t h i a n area o f Serb ia ; (b ) L i thos t ra t ig raph ic c o l u m n o f the a rea D o b r o po l j e -

GrliSte a c c o r d i n g to A n d e l k o v i c (1975b) . 

3. Late Cretaceous magmatism 
and metallogeny of the East Serbian 
Carpatho-Balkanides 

3.1 The Timok magmatic complex 

The eastern Serbian Timok Magmatic complex (TMC) forms 
part of the "Tethyan Eurasian Metallogenic Belt" (TEMB; 
Jankovic, 1977) within the Carpatho-Balkanides (CB). This is 
a particularly interesting area due to its complex Mesozoic-
Tertiary geological evolution and occurrences of porphyry 
copper, high sulphidation type epithermal and skarn mineral-
ization. This area (sensu stricto) belongs to the Apuseni-Banat-
Timok-Srednogorie Metallogenic Belt (ABTS; Popov et al., 
2000), also known as the Banatitic Magmatic and Metallogenic 
belt (BMM; Berza et al., 1998). 

The ABTS is approximately 1500 km long and 70 km wide 
and extends from SW Romania (the Apuseni Mountains) to 
the river Danube and continues southwards via Eastern Serbia 
(the Timok Massif) to Srednogorie in Bulgaria (Fig. 9a). The 
ABTS comprises Cu-Au-Mo(-PGE) porphyry deposits, Mo-
Fe-Pb-Zn skam and Cu-Au-Ag epithermal deposits. Several 
world-class copper ore deposits (Moldova Noua and Baifa 
Bihor in Romania, Majdanpek and Bor in Serbia, Chelopech 
and Elatsite in Bulgaria) are still mined in this belt. 

The East Serbian part of the Timok area shows rift-like 
extensional features with occurrences of major ore deposits 
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along deep normal faults adjacent to the Early Cretaceous 
thrust as well as the Srednogorie zone in Bulgaria. 

In East Serbia, products of Late Cretaceous magmatism 
occur in the following areas: the Timok Magmatic Complex 
(TMC) to the east and Ridanj-Krepoljin Zone (RKZ) to the 
west (Fig. 10) 

The TMC appears between the Getic and Danubian nappe 
(Figs. 9b, 10a). Skam and porphyry mineralization crop out 
along their boundaries. The Majdanpek area is characterized 
by skam and porphyry mineralization (Jankovic et al., 1998), 
similar to the Banat region in Romania (Jankovic & Jelenkovic, 
1997), and the Bor area by porphyry and epithermal mineral-
ization, similar to the Panagyurishte ore field in the Srednogorie 
zone of Bulgaria (see Lips et al. 2004). 

In the southwest Carpathians and their extension towards 
the Balkanides, the TMC is one of the largest exposures of 
andesite and subordinate basaltic andesite (rarely dacite and 
latite). These rocks mostly occur as volcanoclastics with sub-
ordinate lavas and feeder dykes. They also contain intrusives 
and dykes of monzonite, diorite and quartz diorite. Syenite and 
granodiorite are less abundant. 

The TMC is formed on a basement consisting of Jurassic 
and Lower Cretaceous sediments. Accoriding to Dordevic & 
Banjesevic (1997), evolution of the Timok basin (sensu stricto) 
started in a marine environment by deposition of Albian con-
glomerates and sandstone and continued through their widen-
ing and deepening till the end of Cenomanian when volcanic 
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Fig. 9. (a) Simplified tectonic map of the eastern segment of the A B C D oro-
gen (simplified and modified after Heinrich & Neubauer, 2002) with the loca-
tion of the Banatitic Magmatic and Metallogenetic Belt and Timok district; 
(b) Sketch map of the Timok Magmatic Massif with the locations of the major 
ore deposits (from Herrington et al. 1998). Redrawn from Clark & Urlich (2004). 

activity begun. Volcanism lasted intermittently to the Middle 
Maastrichtian and finally ceased in the late Maastrichtian peri-
od. It should be noted that within the Lower Cretaceous to 
Cenomanian sediments (the "Lenovac Clastics") - up to 100m 
thick - there is no evidence of no evidence of volcanic activity. 

The TMC is composed of various calc-alkaline volcanic and 
intrusive facies. Three phases of Late Cretaceous-Tertiary 
magmatic activity are found within the TMC (Fig. 10a), span-
ning roughly 30 Ma. Recent U-Pb, 40Ar/39Ar and Re-Os age 
data constrain the cooling history and temporal evolution of 
the TMC and refined tectonic models linked to resolvable 
magmatic activity (Clark & Ullrich, 2004; Handler et al., 2004; 
Lips et al., 2004; Von Quadt et al., 2002a, b; 2004, 2005; 
Zimmerman et al., 2008). Magmatic activity generally pro-
gresses from east to west and according to Karamata et al. 
(2002) the main characteristics of each magmatic phase are 
defined as follows: 

The first volcanic phase is characterized by biotite to horn-
blende-biotite andesite (i.e.. timacite), mostly as a high aspect 
ratio of lava flows and shallow intrusions in association with 
volcanoclastites and pyroclastites in a minor amount. K-Ar ages 
from 83 ± 1 to 89.0 ± 0.6 Ma (Karamata et al. 1997, Banjesevic, 
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Fig. i« . (a) Geological map of the Timok Magmatic Complex and (b) position of Ridanj Krepoljin Zone - RKZ. Key: (a) 1 - Alluvium; 2 Quarternary sediments; 
3 - Hydrothermally altered volcanic rocks; 4 - Upper Cretaceous plutons; 5 - Upper Cretaceous volcanics (3rd phase); 6 - Upper Cretaceous volcanics (2nd phase); 
7 - Upper Cretaceous volcanics (1" phase); 8 - Upper Cretaceous sedimentary rocks; 9 - Mesozoic arc zone. Redrawn from Zimmerman at al. (2008) and from 
Karamata et al. (1997): (b) 1 - Dacites and andesites of the RKZ; 2 - Quartz diorite; 3 - Andesites and their volcanoclastites. 
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2001; Banjesevice/a/. , 2003; Banjesevic etai, 2004) implying, 
respectively, Turonian-Coniacian and Santonian eruption ages. 
Shallow to hypoabyssal intrusions of diorite and quartz diorite 
were contemporaneously emplaced. Some of them are associ-
ated with porphyry-style mineralization. The porphyry and 
epithermal C u - A u - M o deposit of Bor as well as C u - M o por-
phyry deposit of Veliki Krivelj were formed during this phase 
(Fig. 10a). The Re-Os molibdenite ages gave 83.6 ± 0.4 Ma for 
the Majdanpek C u - A u - M o porphyry deposit, 87.88 ± 0.5 for 
the Veliki Krivelj C u - M o porphyry deposit and 89.6 ± 0.45 
for the Bor C u - A u - M o deposit (Zimmerman et al., 2008). 

The second volcanic phase (Senonian, <83 Ma), the most 
voluminous and widespread, comprises mostly pyroxene (± 
hornblende) andesite (predominantly as subaquatic extrusive 
facies and related volcanoclastics) with subordinate andesitic 
basalt and the intrusion of monzonite, granodiorite and diorite. 
The large Valja Strz monzonite complex and associated Dumitru 
Potok Cu porphyry deposit are 80.7 ± 0.45 Ma old (mean value 
of Re-Os molibdenite age, Zimmerman et al., 2008). 

The third volcanic phase was limited in extent and only 
produced small latite-quartz latite bodies and quartz diorite to 
tonalite dikes. 

The calc-alkaline magmatics of the Ridanj-Krepoljin zone 
(Fig. 10b) are represented by dykes, very shallow intrusions and 
rare volcanic breccias and tuffs, intruding or overlying Lower 
Cretaceous limestones, marls and sandstones, as well as other 
older Mesozoic and Permian sedimentary rocks. Skarns occur 
locally at points of contact. Dacites are more numerous than 
andesites, but rhyolites are very rare. In some boreholes (Ridanj, 
Reskovica), porphyritic quartz diorites and granodiorites were 
found. The volcanic rocks of the Ridanj-Krepoljin zone are 
- 7 4 - 7 0 Ma old and later locally rejuvenated ( - 6 0 Ma) by an 
unexposed intrusive granite. Granites of the same age occur in 
the northern part of this zone (Pecskay et al. 1992). Small 
occurrences of mafic alkaline rocks in East Serbia are - 6 0 Ma 
old. Pb -Zn-Ag and very subordinate Cu mineralization is 
associated with igneous activity in the Ridanj-Krepoljin zone. 
The ore mineralization at ReSkovica and Kucajna is similar to 
the skarn Pb-Zn ore deposit in the northern part of the Banatite 
province (Ocna de Fier, Tincova). 

3.2 Copper ore deposits of the TMC 

The porphyry copper deposits (Majdanpek, Bor, Veliki Krivelj, 
Cerovo; Fig. 9) of the Timok metallogenetic district belong to 
a series of similar ore deposits that formed in the Apuseni-
Banat-Timok-Srednegorie belt during the Late Cretaceous 
period. These deposits are spatially and temporally associated 
with andesitic to dacitic calc-alkaline volcanism. 

The Timok metallogenic district represents a transitional 
zone between the thrust nappe-dominated Apuseni-Banat dis-
tricts in Romania and the extension-dominated setting of the 
Panagyurishte district in Bulgaria (Fig. 9, 10). Skarn- and por-

phyry-type mineralization appears along the Getic and Danubian 
nappe boundary (Fig. 10a). The Majdanpek ore deposit is 
characterized by skarn and porphyry mineralization (Jankovic 
et al., 1998), similar to Banat (Jankovic & Jelenkovic, 1997), 
whereas the porphyry and epithermal mineralization in the Bor 
ore deposits are similar to mineralization in the Panagyurishte 
district (Lips et al., 2004). 

The copper ore deposits are hosted by the apical parts of sub-
volcanic to hypabyssal intrusions, and locally in volcanic and 
crystalline basement country rocks (Jankovic, 1997; Ciobanu et 
al., 2002; Strashimirov & Popov, 2000; von Quadt etal., 2002a). 

The main feature of the Timok district is the association of por-
phyry and epithermal ore deposits (Veliki Krivelj, Bor; Kozelj & 
Jelenkovic, 2002). There is general agreement that these deposits 
originated in response to magmatic hydrothermal processes. 

Porphyry copper deposits in the Bor district display verti-
cal zonation of mineralization styles and mineral assemblages 
(Jankovic et al., 2002). K-silicate alteration, surrounded by propy-
litic alteration, is recognized in the early hydrothermal stages of 
most porphyry copper deposits, with local overprints by sericite 
alteration, and advanced argillic alteration at some localities {e.g., 
Borska Reka; Jankovic, 1990). Pyrite and chalcopyrite are the 
most common minerals; bomite and magnetite are subordinate 
and variable in abundance, while molybdenite, gold and plat-
inum-group minerals only appear occasionally (Jankovic, 1990). 

The major types of mineralization are located along the east-
em margin of the TMC and mainly related to the first hornblende 
± biotite andesite volcanic phase ( - 9 0 - 8 0 Ma, Jankovic et al., 
1981, Zimmerman et al., 2008). There are porphyry copper 
deposits (Majdanpek, Veliki Krivelj), a cupriferous massive 
pyrite deposit (Bor) and a gold-bearing polymetallic massive sul-
fide deposit (Coka Marin). The gold prospects, associated with 
advanced argillic alteration, are related to the second hornblende 
± pyroxene andesitic volcanic phase ( -80-72 Ma, Jankovic et al., 
1981; Zimmerman et al., 2008). These prospects are character-
ized by small volume and low grade Cu-Au mineralization (e.g. 
Coka Kupjatra with Au content - 1 g/t in surficial samples and < 
0.1 g/t in samples from deeper levels, Kozelj, 2002). 

The three major producers (Majdanpek, Bor and Veliki 
Krivelj) have a combined production of more than 90 000 t of 

Table 1. Tonnages and grades of porphyry copper deposits of the 
Banat-Timok-Srednogorie region. Data from Singer et al. (2002). 

Name of deposit Tonnage (Mt) Copper (%) 
Banat area, 
Romania Moldova Noua 500 0.35 

Timok area, 
Serbia 

Majdanpek 1,000 0.60 
Timok area, 
Serbia Veliki Krivelj 750 0.44 
Timok area, 
Serbia 

Bor 450 0.60 

Srednogorie 
area, Bulgaria 

Elatsite 550 0.32 
Srednogorie 
area, Bulgaria Assarel 360 0.44 
Srednogorie 
area, Bulgaria 

Medet 260 0.37 

• 1 0 
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copper and 41 of gold per year. Total metal content for deposits 
discovered in the district exceeds 20 million tonnes of copper 
metal. Comparison between tonnages and grades of copper ore 
deposits in Banat-Timok-Srednogorie belt are shown in Table 1. 

4. Field stops 

4.1. Field stop 1: Albian glauconitic sandstone 
at the Cukarica-Makis-Rakovica section. 

The sedimentology and biostratigraphy of the Upper Aptian 
(i.e. Clansayesian) and Albian in the Cukarica-Makis area were 
studied in detail by Rabrenovic & Jovanovic (1992). These 
sediments are exposed in the valley of the Repiste stream in a 
section along the Cukarica-MakiS road (Fig. 6). According to 
lithological and paleontological data, the Upper Aptian (Clan-
sayesian) comprises two lithological units: gray massive lime-
stone with Fioridea algae (Jankicevic & Peybernes, 1985; 
Jankitievic & Rabrenovic, 1990) and ferruginous sandstone 
and sandy limestone with ammonites of Jacob! Zone. The Lower 
Albian contains ferruginous, mostly glauconitic, sandstone with 
ammonites (Laymeriella tardefurcata, Douvilleiceras nammil-
latum) and Middle Albian (Puzoisia, Inaceramus). The Upper 
Albian gray siltstone, shale and sandy limestone comprise 
Morloniceras (Pervinquierian) infiatum Zone (Puzosia mayo-
riana d'Orbigny - shell > 25 cm in diameter, P. mayoriana 
Africana Kilian, Hamites cf. simplex (d'Orbigny). 

The Albian lithostratigraphic column of the Cukarica-Makis 
locality is shown on Fig. 11. The thickness of the mostly massive 
ferruginous glauconitic sandstone ranges from 2 to 13 meters. 
The boundary with under and overlying units is sharp. Glauconite 
grains (up to 0.5 mm in diameter) are dark to light green with 
limonitic or hematitic halos in places. There is occasional very 
high oxidation. The clastic fraction (0.1-0.2 mm in size) consists 
of quartz, feldspar, and rock fragments (quartzite, chert, serpen-
tinite, limestone). The cement is calcitic and limonitic. Chromite 
is the main accessory mineral; zircon, garnet and rutile are 
rare. The CaCO, content varies (10-33.5 wt%). According to 
Rabrenovic and Jovanovic (1992), the sandstone was deposited 
in a reduced marine enviroment; syn- and postdiagenetic oxi-
dation processes enabled the leaching of calcium from glau-
conite and hydratation of the Fe-oxides. On the basis of occur-
rences of ammonite species, the ferruginous to glauconitic lay-
ers are divided into three stratigraphic levels (Fig. 11): 

• Lower level: 3 to 5 m thick, red sandy limestone and sand-
stones with fauna corresponding to the H. jacobi Zone, i.e. 
Clansayesian 

• Middle level: up to 2 m thick, ferruginous glauconitic sand-
stone with Lower and Middle Albian fauna 

• Upper level: 4-6 m thick, ferruginous and glauconitic sand-
stone with Puzosia, Inoceramus and Leylliceras lyelli 
(Leymerie) corresponding to a Middle Albian subzone. 

The laminated gray calcareous clayey to sandy clayey silt-
stone, sandstone, calcareous silty shale and sandy limestone of 
the third level are formed in a deeper marine environment with 
a continuous supply of siliciclastic and carbonate material. 
These sediments with the ammonite zone Mortoniceras (Per-
vinquierian) infiatum date from the Upper Albian age. 

The compact dark green to dark brown glauconitic sand-
stone from the Rakovica locality is interbedded with limestone 
(Fig. 7). The sandstone consists of subangular well-sorted 
quartz and oval glauconite grains (up to 50 wt%) from 0.2-0.5 
mm in size. These grains contain limonite-coated calcite in the 
core. The glauconite at this locality is not entirely detrital in 
origin (Protic, 1969). 
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4.2. Field stop 2: Gamzigrad, the "Felix 
Romuliana" archaeological site 

Gamzigrad is a small village spa located south of the river 
Danube near Zajecar (Fig. 12). In its vicinity there are ruins of 
a Roman complex called "Felix Romuliana", one of the most 
important late Roman sites in Europe. At first it was believed that 
the ancient ruins represented a Roman military camp because 
of their size and numerous towers. However, systematic 
archaeological excavation since 1953 has shown them to be an 
imperial palace. "Felix Romuliana" is thought to have been 
one of the residences of the Roman Emperor Gaius Galerius 
Valerius Maximianus, in the late 3rd and early 4,h century. The 
imperial palace got the name "Felix Romuliana" in memory of 
his mother, Queen Romula, a priestess of a pagan cult. 

The tetrarchs, Galerius, the adopted son and son-in-law of 
the great Diocletian started to build the palace in 289, after a 
victory over the Persians, to mark the place of his birth. This 
complex of temples and palaces was a place of worship of his 
mother's divine personality, a monument to his deeds as an 
emperor, as well as a luxurious villa where Galerius withdrew 
after abdication. "Felix Romuliana" served its purpose until it 
was plundered by the Huns in the mid 5lh century. Later it was 
turned into an unpretentious settlement of farmers and crafts-
men. It was abandoned at the beginning of the 7th century with 
the arrival of the Slavs. 

Archaeological excavation in the fortress has unearthed 
the remains of a palace with exceptionally fine mosaics, baths 
and impressive gates. Among the important finds are portraits 
of rulers made from the purple Egyptian rock called porphyry 
and coins that help to date the complex. 

During the 31st Session of the Unesco World Heritage 
Committee in Christchurch (New Zealand) the World Heritage 
Committee decided to place Gamzigrad-Romuliana, the 
Palace of Galerius, on the World Heritage List. 

Boljevac - Rtanj Ethno Center at Balasevic (Mount Rtanj) -
overnight accommodation. The Balasevic Ethno-Center is a lux-
ury motel designed in rustic style, located on the Paracin-
Zajecar regional road close to the village of Boljevac. The 
motel lies amid beautiful scenery with a view of Mt. Rtanj. 

4.3 Field stop 3: The village of Lenovac 
- the "Lenovac Clastics": glauconitic 
sandstone along the road cut by Lenovac 
and the Gornja River 

Near the village of Lenovac glauconitic sandstone and marly 
sandstone occur in a few localities. The best outcrop is exposed 
by the road about 500 m from the village (Figs. 13, 14). Dark 
green coarse grained to conglomeratic glauconitic sandstone 
alternating with partly disintegrated ferruginous (sometimes 
nodular) sandstone and marly sandstone and marl occur along 
a length of more than 200 m. They appear as interstratified 
masses, rarely as beds, and abound in fossil fauna. 

Three levels of Albian are distinguished according to the 
fossil fauna: 

• Lower Albian: detrital nodular ferruginous sandstone with 
brachiopods 

• Middle Albian: marl and marly sandstone with ammonites 
• Upper Albian and Albian-Cenomanian: greenish coarse to 

fine grained detrital sandstone and ferruginous red sandstone 
with ammonites (e.g. Anisoeeras armatum zivkovici, etc.). 

4.4 Field stop 4: Bor Cu-Au ore deposit 

The Bor Cu-Au ore field is located in the eastern part of the TMC 
in the Upper Cretaceous hornblende ± biotite andesite and vol-

Fig . 12. A r c h a e o l o g i c a l s i te " F e l i x R o m u l i a n a " and the West G a t e (a) . 
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of the surroundigs of Lenovac 
and geological column of the 
visited area (a) - Redrawn from 
Dordevic & BanjeSevic (1997). 
Key: 1 - Pelagic foraminifera; 
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4 - Fucoides. 

canoclastite series of the first volcanic phase. It extends in a 
NW-SE direction and slopes SW at an angle of 45-50° The 
ore field is 5 km long and -1 .2 km wide (Fig. 15a). Its eastern 
part consists of conglomerate and sandstone containing andesite, 
Upper Jurassic to Lower Cretaceous limestone and Proterozoic 
gneiss, mica schist and amphibolite fragments. These sediments 
are divided from the hydrothermally altered volcanic rocks by 
the NW-SE fractured "Bor fault" (Fig. 15b). The western side 
of the open pit is built up by so-called "Bor Pelites" consisting 
of various types of volcanoclastic rocks and marl (i.e. Senonian 
epiclastites, Dordevic, 2005). 

Generally, the Bor mineralization is characterized by massive 
cigar-shaped and pipe-like bodies related to fracture zones and 
volcanic breccias. The massive ore contains up to 70 vol% of 
fine-grained pyrite with chalcocite, covellite and enargite. Barite 

is common in the upper level, whereas anhydrite/gypsum 
occur in stockwork mineralizations in the lower level of the 
deposit. The argillic alteration contains pyrophyllite and dias-
pore with alunite, andalusite, zunyite and corundum. 

Thirty ore bodies were discovered in the Bor ore field 
(Fig. 15b). Due to later tectonic movements from the west, 
the larger ore bodies were dismembered while the smaller 
ones thrust over the Bor conglomerates. The size of the major 
ore bodies (Tilva Ros, Borska reka, Coka Dulkan, Tilva Mika) 
varies, ranging between 2 km2 and 130 km2 (Tilva Ros) at dif-
ferent levels. The vertical extension of massive sulphide min-
eralization is mostly 200-800 m, except in Tilva Ros where it 
exceeds 800 m. Total reserves amount to 650 Mt: 0.61% cop-
per (0.3% Cu cut-off grade), 8.5% sulphur, 0.25 g/t Au, 2 g/t 
Ag, 36 g/t Mo. 

&M 

m 
Fig. 14. Glauconitic sandstone outcrop at the road section south of Lenovac village; (a) detail: glauconite grains are <1 to 5 mm in diameter. 
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Fig. l 5 . ( a )Ou t l inegeo log ica lmapofBorand i t s su r round ings (Bordev ic ,2005) : 1 Quaternary; 2 - N e o g e n e ; 
3 Bor conglomera tes and sandstones (Maastr icht ian); 4 - Senonian volcanoclast ics and volcanic rocks; 
5 - Upper Turonian and Senonian sediments ; 6 - Epiclastics; 7 Turonian volcanoclast ics and volcanic 
rocks; 8 Lower Cretaceous and Cenomanian ; 9 - Jurassic; b) Position of ore bodies within the Bor 
open pit mine: 1 - Conglomera te , 2 - Hydrothermal ly altered andesites, 3 - Andesi te , 4 - Mass ive 
replacement sulphide ore body; 5 - Pyrite s tockwork- impregna ted ore body; c) Bor open pit mine today 

panorama view (photo courtesy by Dejan Kozel j ) . 

Fig. 16. A simplified geological section through the central part of the Bor deposit: 1 - Massive ore; 2 - Stoc-
kwork ore; 3 - Impregnation ore type; 4 - Hydroquartzi tes, 5 - Non-al tered andesites; 6 - Hydrothermally 
altered andesi tes; 7 - Conglomera tes ; 8 - Sil tstone and tuffs . 

Kamenjar 

Coka 
Dulkan 

Tilva Ros, the largest massive sulphide 
ore body, is located in the central part of 
the Bor ore field (Fig. 15b, 16). Its size 
increases with depth to 130 km2. The 
massive quartz abundant in precious met-
als appear in the upper level of the body. 
Beneath them massive to stockwork ores 
occur, containing 0.9% Cu, 11% S, 0.6 
g/t Au and 2 g/t Ag. Occurrences of 
quartz diorite in the northern part of the 
pit and at its deeper level imply the pres-
ence of a shallow intrusive body. In the 
open pit, the zone with zunyite, pyrophyl-
lite, kaolinite, alunite, quartz and diaspore 
appears at the + 100 m level while on the 
fifteenth horizon (-75 m altitude), a 
corundum-diaspore assemblage is char-
acteristic. Moreover, gypsum, anhydrite 
and barite are also abundant at both the 
surficial and deeper levels. The ore min-
eral assemblage consists of pyrite (the 
most widespread), covelline, enargite, 
chalcocite, chalcopyrite, bornite, luzonite, 
tetraedrite and sulvanite. Concentration 
of metals within the ore body decreases 
laterally and with depth. 

Borska Reka ore body (impregnation, vein, 
stockwork-impregnation) is located in 
the northwestern part of the Bor deposit. 
It is elongated, runs in a NW-SE direction 
and slopes SW at an angle of45-55°. The 
maximum length of the body is 1410 m 
with 635 m width at 395 m altitude. The 
thickess of mineralization is -300 m. The 
eastern and northwestern margins of the 
ore body are defined while the western 
margin is not defined yet due to its deep 
extension. The gradual transition into the 
ore body Tilva Ros is established at the 
higher levels of the southeastern margin 
of the Borska reka ore body. The ore body 
is hosted within hydrothermally altered 
andesite (Fig. 17). Mineralization is linked 
with potassium silicate alteration, and to 
a propylitic assemblage containing illite + 
chlorite. The uppermost levels of the 
Borska Reka deposit are characterized by 
advanced argillic alteration coupled with 
pervasive silicification marking an upward 
transition zone to the Tilva RoS massive 
sulphide deposit. The main ore minerals 
are pyrite, chalcopyrite, covellite, chal-
cocite and bornite. Rutile, magnetite. 
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Fig. 17. Out l ine geological sect ion through Borska Reka porphyry coppe r deposi t ; argil l i t ized (a) and s i l ic i f ied and pyri t ized (b) ho rnb lende biot i te andesi te . 

hematite, sphalerite and galena are common, while tetrahedrite, 
tennantite, digenite, cubanite and native gold are rare. The 
total reserves are 636 Mt of ore with 0.606% Cu (0.03% cut-
off-grade), 8.63% S, 1.81 g/t Ag, 0.21 g/t Au and 36 g/t of Mo, 
i.e. 3.9 Mt Cu, 55 Mt S, 1,2 Mt Ag, 140 t Au and 21 t Mo. 

4.5 Field stop 5: Veliki Krivelj porphyry 
copper ore deposit 

The approximately 5 km : Veliki Krivelj ore field is located about 
3 km north of Bor. Shallow intrusions of diorite and quartz dior-
ite caused intense tectonization of the surrounding volcanics 
and sedimentary rocks (pelites, limestones, marls), which resulted 
in intense fluid circulation. The intrusive rocks are fine-grained 
having interlocked plagioclase, biotite and amphibole crystals 
with xenomorphic quartz and potasium-feldspar in the inter-
stices. The surrounding sediments are contact metamorphosed. 

The porphyry copper ore is hosted in hydrothermally altered 
andesitic rocks and partly in diorites and quartz diorites (Todor 
stream). The deposit slopes SW. It is more than 1.5 km long and 
max. 700 m wide. The known vertical extent mineralization 
interval exceeds 800 m. The exploration has not still reached 
the deepest levels of the ore mineralization. The deposit has a 

NNW-SSE oriented oval shape in plan view, while it almost 
has an isometric shape in cross-section (Fig. 18). The ore body 
does not show decrease in copper content with depth. 

The most common hydrothermal alterations are: a) K meta-
somatism (biotitization) accompanied by sercitization and sili-
fication; b) sericitization associated with silicification and local-
ly intermediate argillitization; c) chloritization and carbonati-
zation, seldom epidotization and weak silicification; d) advanced 
argillic alteration (pyrite, pyrophyllite, alunite, laumontite). 
Intensive pyritization is related to marginal part of the deposit. 
The appearance of sulphate minerals (anhydrite, gypsum) is 
characteristic for its deeper levels. In higher levels of deposit, 
over the sercitic zone, zeolite alteration is common. 

The most frequent ore minerals are pyrite, pyrrhotite and 
chalcopyrite. Marcasite, bomite, chalcocite and covellite occur 
locally while enargite, digenite, molybdenite, magnetite, 
hematite, valleriite, sphalerite, galena and tetrahedrite are rare. 
The oxidation zone (30-50 m tick) contains malachite, azurite, 
tenorite, cuprite and native copper. 

Ore reserves (cut-off grade 0.20% Cu) are estimated to be 
702.21 Mt with 0.366% Cu, i.e. 2.57 Mt of Cu. The gold con-
tent is up to 0.20 g/t, and molybdenum content ranges 0.05 to 
0.15 g/t. The exploitation of the Veliki Krivelj ore body start-
ed in 1982. 
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Fig. 18. Ou t l i ne geo log ica l 

m a p o f the Veliki Kr ive l j 

depos i t ( l e f t ) and sec t ion 

th rough the depos i t (a; 

redrawn from Cocic et al. 
2002). P a n o r a m a v i e w o f ope n 

pit m i n e Veliki Kr ive l j (b). 

K e y : 1 - Andes i t i c 

vo lcanoc las t i t e s ; 

2 - H o r n b l e n d e - p y r o x e n e 

andes i t i c vo lcanoc la s t i t e s wi th 

biot i te ; 3 - Hornb l ende -b i o t i t e 

andes i t es ; 4 - Pyr i t ized 

andes i t i c rocks ; 5 - S i l i c i f i ed 

and pyr i t i zed andes i t i c rocks ; 

6 - Q u a r t z dior i te ; 7 - Skarns ; 

8 - O r e body ; 9 - L i m e s t o n e s ; 

1 0 - S h a l e s . 

Todorov potok CoksTralkj 
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Veliki Krivelj 3.5 MtCu 

4.6 Field stop 6: Turonian andesites of the first 
volcanic phase along the road cut between 
Veliki Krivelj and Mali Krivelj and the copper 
ore deposit at Mali Krivelj-Cerovo 

The ages of these volcanics are 84.26 ± 0.67 Ma (by U/Pb zircon 
method) and 90-84 Ma (by K/Ar method) corresponding 
Turonian volcanic activity in the TMC, i.e. the first volcanic 
phase. The lava dome/cryptodome (Fig. 19) and lateral extrusive 
facies of hornblende-biotite andesites ca be seen in the road cut. 

In the quarry, elements of columnar to platy jointing can be 
seen, and further, along the road, several outcrops of brecciated 

andesites arc interpreted as lateral facies of the same dome/ crypto-
dome. These rocks were called "timazite" by Breithaupt (1791-
1873) after Timacum (the river Timok in Latin). "Timazite" com-
prises phenocrysts of plagioclase, amphibole (gamsigradite), 
biotite, and magnetite in a fine-grained, mostly holocrystalline, 
feldspar-rich matrix. The rock is remarkable because of its large, 
sometimes cm-long prismatic amphibole phenocrysts. 

The Mali Krivelj-Cerovo porphyry copper ore deposit is locat-
ed 10 km northwest of Bor. It extends from Coka Curuli and 
Kriveljski Kamen to the villages of Mali Krivelj and Cerovo 
and further northwards (Fig. 20a). The area of hydrothermally 

Fig . 19. C o l u m n a r to p la ty j o i n t i n g in h o r n b l e n d e - b i o t i t e a n d e s i t e ( t imaz i t e ) lava d o m e / c r y p t o d o m e fac ies (a) and a u t o b r e c c i a t e d lateral lava d o m e / c r y p t o d o m e 

fac ie s (b) - p h o t o cou r t e sy by M i o d r a g BanjeSevic (a ) and Kr is t ina fiaric and V l a d i c a C v e t k o v i c (b). 

• • • 
A n d e s i t e 

Q u a r t z diorite 

Mineral ized hydro thermal ly 
a l te red andes i t i c vu l canoc la s t i t e s 
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altered andesitic rocks is located in the central part of the ore 
field within a 10 km long and 1-2 km wide zone. 

The ore field is surrounded by Lower Cretaceous sediments 
and Upper Cretaceous, hydrothermally altered volcanosedi-
mentary and intrusive rocks. The tectonic structure of the ore 
zone is very complex and consists of a system of NW-SE and 
NE-SW oriented faults cross-cut by numerous NE-SW and 
E-W diagonal faults. This ore zone is considered to be a con-
tinuation of the Bor ore zone. Hydrothermal alteration is rep-
resented by intensive kaolinization and pyritization accompa-
nied by limonitization, chloritization, carbonatization, silicifi-
cation and sulphate mineralization. It is assumed that mineral-
ization in the Mali Krivelj-Cerovo ore field is related to quartz 
dioritc dykes similar to the copper porphyry ore deposit Veliki 
Krivelj. The ore field at Mali Krivelj-Cerovo comprises sever-
al ore bodies: Cerovo-Primary (in its northern part), Drenovo, 
Cementacija-1,2 and 3. The ore body Cementacija-1, i.e. Kraku 
Bugaresku (Fig. 20b) is still mined while the others have not 
opened yet. The ore body is located in hydrothermally altered 
andesites and its volcanoclastites at a depth between 200 and 
400 m (its downward continuation has not yet been reached). 
The highest level of the body is characterized by an oxidation 
zone and a zone of secondary sulphide enrichment (Fig. 20b). 
Transition to the primary mineralization zone is gradual. Within 
the primary zone, chloritization as well as silicification and sul-
phatation (gypsum, anhydrite), mostly as clusters and veins, 

are the most extensive hydrothermal processes. Albitization, 
K-feldspar alteration, epidotization and biotitization are less 
evident. Among ore minerals, the most frequent are pyrite and 
chalcopyrite. The zone of secondary sulphide enrichment con-
tains pyrite, chalcocite and covelline. The oxidatione zone con-
tains cuprite, tenorite, hematite, magnetite, malachite, limonite. 

Copper ore reserves in the ore body Cementacija-1 are esti-
mated to be 20.1 Mt. The average content of Cu is 0.68% with 
0.07 g/t Au and 1.5 g/t Ag. The Cementacija-2 ore body contains 
19 Mt of copper ore with 0.36% Cu, 0.08 g/t Au, 1.1 g/t Ag. Within 
the other ore bodies, copper ore reserves range from 0.96-4.5 
Mt with 0.34% Cu, 1.1 g/t Au and 1.8 g/t Ag on average. 

Facies of hydrothermal alteration show vertical and hori-
zontal zonality and differ in intensity. The distinct feature of the 
Mali Krivelj-Cerovo ore deposit in relation to other deposits 
within the Bor metallogenetic zone is alteration of the ore min-
erals due to surficial secondary processes. The origin of the cop-
per deposit at "Cerovo" has not yet been studied in detail. The 
primary pyrite-chalcopyrite ore mineralization was probably 
formed under complex physico-chemical conditions during 
hydrothermal activity. The presence of high to medium tem-
perature minerals (magnetite, rutile, pyrite, pyrrhotine, chal-
copyrite, bornite), low-temperature sphalerite and galenite, as 
well as different forms of these minerals indicate multi-phase 
hydrothermal activity accompanied by changes in pressure, 
temperature, and pH and Eh of the ore solutions. 

Fig. 20. Location of the ore field Mali Kr ive l j -Ce rovo in the Bor metal logeni t ic district (a) and out l ine cross section of the copper deposi t Cementac i ja -1 : Kraku 

Bugaresku (b). Key: (a) I Hydrotermal ly altered andesi t ic rocks; 2 - porphyry ore; 3 - mass ive sulphide ore; 4 - conture of ore field Mali K r i v e l j - C e r o v o ; 

(b) I - Zone o f su lphide enr ichment ; 2 - Ore body; 3 Hydro thermal ly altered andesi t ic rocks; whi te area over zone of sulphide enr ichment represents oxi-

dat ion zone. 
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4.7 Field stop 7: The road cut between Bor and 
Brestovac Spa: andesite volcanoclastics cut 
by an albite- trachyte dyke 

In appearance, this section is typical of the second (Senonian) 
volcanic phase in the TMC. Here, autoclastic and hyaloclastic 
piles of pyroxene- and amphibole-bearing basaltic andesite are 
cut by a westward dipping albite-trachyte dyke (81.79 ± 0.54 
and 82.27 ± 0.35 Ma by K-Ar method, Banjesevic, 2006). The 
whole sequence is overlaid by resedimented hyaloclastites and 
autoclastites whose outcrops can be also seen along the road 
towards Bor. 

The albite-trachyte dyke is pale grey to pinkish grey in color 
(Fig. 21). It is characterized by thin chilled margins and crys-
talline groundmass with albite phenocrysts which are almost 
oriented in parallel. 

Within the in situ or slightly reworked hyaloclastites remains 
of pseudopillows (see Yamagishi, 1991) or lava lob, features 
with a preserved chilled margin are also noticed. The matrix is 
fine-grained within a jigsaw-fit puzzle structure. 

4.8 Field stop 8: Road cut between 
Brestovac Spa and Bor Lake: coherent 
andesitic volcanoclastic facies from the 
Senonian period 

Along the road from the cross-section Bor-Brestovac Spa and 
further to Bor Lake, numerous outcrops of the second volcanic 
phase (andesite or basaltic andesite in composition) can be seen. 
Partially to completely weathered lava flow facies of pyroxene 
andesite composition occur close to Brestovac Spa, on the right 
side of the road towards Bor Lake (Fig. 22). They contain 
boulders and fragments of pinkish granitoid rocks of Variscan 
age (Fig. 22a). The reddish to pale pinkish granitic fragments 
(270 Ma, Von Quadt, unpublished) range in size from a few cm 

to > 2 m in diameter. In mineral composition (quartz, K-feldspar, 
plagioclase, biotite), they are analogous to the sycnitic granite of 
the Variscan Gomjane Granitoid Massif (north of Bor). 

Outcrops of Senonian pyroxene andesites can be traced 
further along the road cuts going towards Bor Lake. Various 
volcanoclastic facies, in situ autoclastic deposits, primary and 
reworked hyaloclastic deposits as well as debris flow deposits 
prevail. Some outcrops with characteristics of debris ava-
lanche deposits also occur. 

4.9 Field stop 9: Bor Lake: massive columnar 
to platy pyroxene andesite 

On the left side of the road leading further to the northwest as 
well as along the lake shores, outcrops of massive pyroxene 
andesite with columnar and platy jointing (Fig. 23) occur and 
probably represent typical deeper effusive facies of Senonian 
basaltic andesite. Its roof segments are usually brecciated or 
disrupted by hydraulic fracturing suggesting that this zone was 
in contact with water (e.g. subaqueous emplacement,. 

4.10 Field stop 10: Upper Cretaceous 
volcanoclastic rocks of Donja Bela Reka 

These terrestrial volcanoclastic deposits close to the village of 
Donja Bela Reka are related to the first volcanic phase and 
were deposited above Albian-Cenomanian sediments. They 
represent coherent extrusive and shallow intrusive facies of 
hornblende-biotite andesite and volcanoclastic rocks. 

The volcanoclastic breccia of the Donja Bela Reka is clas-
sified as debris flow deposit formed by the re-working and re-
deposition of various primary volcanic material (most probably 
of primary autoclastic andesitic lava). Poorly sorted to unsort-
ed angular to subangular blocks of dense hornblende-andesitic 

Fig . 21 . O u t c r o p s on the c ro s s road B o r - B r e s t o v a c Spa : (a ) a g r ey -p ink i sh in t rus ion o f a lb i te t r achy te d y k e in to basa l t ic a n d e s i t e vo lcanoc las t i t e s ; (b ) resed i -

m e n t e d vo lcanoc la s t i t e s ( p h o t o c o u r t e s y by M i o d r a g BanjeSevic ) . 
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Fig. 22. Outcrop of altered Senonian pyroxene andesi te lava f low with f ragments of Variscan granite on the road cut close to Brestovac spa; granite xenolith 
form the outcrop (a). 

lava (> 0.2-1 m in diameter) are set in a finegrained matrix 
composed of mm-sized particles of dense andesitic lava, phe-
nocrysts and rare glass (Fig. 24). Due to the variable amount 
of matrix within the breccia, a closed (low amount of matrix) 
and open framework fabric (high amount of matrix) can be 
seen. These features, in combination with the weak grading of 
the larger fragments, suggest an en masse transport of dense, 
probably hyperconcentrated volcanoclastic material. 

Donji Milanovac - Hotel Lepenski Vir - overnight accommo-
dation. Donji Milanovac, the lovely "Town of Roses" is locat-
ed on the right bank of Lake Derdap on the Danube. The city 
was settled in the 19th century, and since that time it has moved 
three times to new locations, as well as after the construction 
of the huge Derdap I power plant. 

The "Derdap " National Park. The Iron Gate (Romanian: Porfile 
de Fier, Serbian: Derdapska klisura, Hungarian: Vaskapu, 

Turkish: Demirkapy, German: Eisernes Tor) is a gorge (134 km 
long) on the Danube River - the border between Serbia and 
Romania (Fig. 25). Here the Danube river separates the south-
ern Carpathian Mountains from the northwestern foothills of 
the Balkan Mountains. The Danube reaches its greatest depth 
at a point 40 km southeast from Majdanpek, a place called 
Kazan, where the depth is 84 m (Fig. 25b). 

The first narrowing of the Danube takes place beyond the 
Romanian isle of Moldova Veche and is known as the Golubac 
Gorge (Fig. 25a). It is 14.5 km long and 230 m wide at its nar-
rowest point. There is a medieval fort at Golubac. The cliffs 
scale up to 500 m. At Donji Milanovac the Great and Small 
Kazan Gorges measure 19 km in length (Fig. 25b). The Great 
Kazan is the narrowest gorge (150 m wide) and the more 
famous because of the ruins of a bridge constructed during the 
rule of Roman emperor Trajan by Apollodorus of Damascus. 

The prehistoric archaeological site of Lepenski Vir is locat-
ed about 20 km north of Donji Milanovac in the Iron Gate 

Fig. 23. Co lumnar (a) and more platy jo inted (b) Senonian basalt ic andesi te c lose to the end of Bor Lake. 
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Fig. 24 . O u t c r o p o f andes i t e vo lcan ic b recc ia and a detai l (a) nea r the v i l l age D o n j a Bela R e k a ( P h o t o cou r t e sy by Kr is t ina Sar ic and V l a d i c a C v e t k o v i c ) . 

(Field stop 11). The major part of the "Derdap" National Park 
forms part of Majdanpek municipality. Diverse flora, trees 
centuries old and an abundance of game (deer, bear, wildcat) 
attract numerous lovers of untouched nature. Moreover, the 
stretch of the Danube that is richest in fish (catfish, perch, 
carp) is located near Donji Milanovac. 

4.11 Field stop 11: Lepenski Vir, archaeological site 

The archaeological site at Lepenski Vir is one of the most mar-
velous and fabulous prehistoric locations (archeologists call it 
"the cradle of European civilization"). A great number of mon-
umental fish-like stone sculptures carved from coarse sand-
stones (the oldest in the world - 6000 BC) are a feature of the 
site. The first excavations started in 1965, but its importance 
was only fully grasped in 1967, i.e. after the discovery of the 
first Mesolithic sculptures. Excavation ended in 1971. Then, 
the whole site was relocated 29.7m up onto higher ground to 

avoid flooding from a new artificial lake created at the Iron 
Gate along the Danube river. Exploration of the site was spear-
headed by Srejovic (1972). 

Lepenski Vir consists of one large settlement and several 
satellite villages. Evidence dates the first human presence in 
the locality at around 7000 BC and the peak of this civilization 
as occurring between 5300 BC and 4800 BC. 

The main site consists of several archaeological phases, with 
occupation spanning over a millennium, from the Mesolithic to 
the Neolithic period. The discovered artefacs include: tools 
made from stone and bone, remains of houses and numerous 
sacral objects among which the most important are the unique 
stone sculptures (Fig. 26). It is assumed that the people of 
Lepenski Vir were descendants of the early European population 
of the Brno-Predmost hunter-gatherer culture from the end of the 
last Ice Age. The major food source was probably fish. Fishing 
communities of this type are typical of the wider Danube region 
during this period. The complex social structure is influenced by 
a religious cult as can be seen from the numerous sacral objects. 

Fig. 25 . Iron Ga t e , (a ) G o l u b a c G o r g e and (b ) K a z a n G o r g e at D o n j i M i l a n o v a c . 
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Fig. 26. Remains of Mesol i thic house and f ish-l ike sculptures in prehistoric site Lepenski Vir. 

4.12 Field stop 12: The Majdanpek mine 
- porphyry copper deposit and Rajko's Cave 

The small town of Majdanpek is located in the crater of a long-
extinct volcano. It is known for its rich deposits of copper and 
gold, and its mining tradition which dates from long before the 
Romans forced their way into this region (ls l century AD). At 
that time, copper was obtained by the settling method and gold 
by washing sand from the River Pek or by mining native gold 
from quartz veins. The oldest cast copper object (pickaxe in 
shape) was discovered in the immediate surroundings of the 
present-day Copper Tube Plant Majdanpek. This object (cop-
per content 98.50%) is on display in Majdanpek's Museum of 
Mining and Metallurgy. Mining continued during the Middle 
Ages. In the first half of the 19,h century, organized copper 
mining started, using modern technologies. The mining and 
processing industry fully developed in the second half of the 
20lh century. Up to 1962, the Majdanpek porphyry deposit was 
a mine of massive pyrite and limonite (Jankovic, 1990). After 

that time, it was transformed into an open pit with an annual 
output of 12-14 million tons. Reserves exceeded 800 million 
tons of ore with 0.4-0.8% of Cu and 0.25-1 g/t Au and min-
ing had started with 0.82% of Cu and -0 .8 g/t Au. The deposit 
contains a significant quantity of massive pyrite ( -15 Mt) with 
3-15 g/t of Au and a few million tons of Pb-Zn (-7%). Within 
the highest level of porphyry copper mineralization, a high 
concentration of Au is found (1 g/t in average). Today the town 
is known for its production of high quality and durable utility 
and industrial copper tubes. 

The open mine at the very entrance to Majdanpek, from the 
Belgrade direction, is an example of a manmade landscape (Fig. 
27). It is an incredible and very rare sight of wide terraces and 
roads that make up a huge funnel with a basin at the bottom. 

The Majdanpek ore deposit contains several types of min-
eralization (Jankovic et a!., 1980; Jankovic, 1989). In addition 
to the dominant porphyry copper mineralization, massive sul-
phide pyrite ore bodies, skarn magnetite mineralization, 
Pb-Zn sulphide ore bodies and hydrothermal vein types are 

Fig. 27. Majdanpek open pit mine: (a) northern and (b) southern min ing area. 
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found. All are related to the same structure during multi-stage 
ore-forming processes (Spasov, 1967; Jankovic, 1990). 

The Majdanpek deposit formed along a very narrow zone 
(0.3x5 km) between Jurassic limestone and Rifeo-Cambrian 
metamorphics (gneiss, mica schist, amphibolites) intruded by 
andesite dykes and bodies (Fig. 27). Initial magmatic activity 
is linked to the Alpine orogene phase. It consists of calc-alka-
line volcanic rocks (andesite, dacite, pyroclastite). During the 
Laramian period, they were dissected by small intrusions 
(mostly dikes) of diorite and quartz diorite, which were espe-
cially important in forming the copper deposit. 

The Majdanpek Cu-Au porphyry system is emplaced 
close to the Santonian-Campanian boundary, at ~83-84 Ma, 
i.e. during the later stages of eruption of timocitic, high-potas-
sium calc-alkaline andesites of first volcanic phase of the peri-
od 83 ± 1 to 89.0 ± 0.6 Ma, Clark & Ullrich (2004). 

The Majdanpek copper ore deposit consists of a southern and 
a northern mining area (Fig. 28). The first is located S-SW about 
500 m from the town. It is named "Knez Lazar" and compris-
es Cu-Au porphyry and massive Cu-Au-Ag pyrite bodies. 

The northern Area is situated ~1 km N-NW from the town and 
contains the "Tenka" polymctallic/gold deposit, the "Dolovi" 
porphyry ore body, the "Central ore body" (stockwork-impreg-
nation), the "Dolovi-2"massive sulphide ore body, the "Stari 
Dusan" pyrite body, and the "Blansard" limonite ore body. The 
order of mineralization in the porphyry copper deposit of 
Majdanpek is as follows: 

1) garnet-magnetite 
2) quartz-molybdenum stage with pyrrhotite, pyrite, molyb-

denite, chalcopyrite, sphalerite, cubanite, bismuthinite, tetra-
hedrite, bornite, As-bearing pyrite 

3) quartz-pyrite stage with a small amount of gold, marcasite 
and melnikovite 

4) quartz-chalcopyrite stage with tetrahedrite 
5) quartz-sphalerite stage with chalcopyrite, molybdenum, 

galena, gold, calcite and barite 

Within the Southern Mining Area (Figs. 27b, 28b), the Cu-Au 
porphyry ore body is located within hydrothermally altered 

Fig . 28 . (a ) O u t l i n e geo log ica l m a p o f the M a j d a n p e k ore depos i t a c c o r d i n g to the 1 : 100 0 0 0 bas ic geo log ica l m a p . Shee t D o n j i M i l a n o v a c , (b ) c ros s sec t ions 

t h r o u g h the sou the rn a rea , c ) c ro s s sec t ions t h r o u g h the no r the rn a rea . K e y : (a ) I - M o n z o n i t e , d ior i te , qua r t z d ior i te ; 2 - H y d r o t h e r m a l l y a l te red andes i t i c 

rocks ; 3 - andes i t e s and vo lcanoc las t i t es ; 4 - C o n g l o m e r a t e s and mar l s ; 5 - L i m e s t o n e s ; 6 - Schis ts ; 7 - G n e i s s e s and mica schis ts ; 8 - Faul t ; (b, c ) 1 - L imon i t i c 

b recc ia ; 2 - Andes i t i c rocks ; 3 - M a r l y s a n d s t o n e s and s a n d y l imes tones ; 4 - L i m e s t o n e s ; 5 - Sla tes ; 6 - G n e i s s e s and m i c a schis t s . 
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Fig. 29. Out l ine section through the Southern Mining Area of the Majdanpek 
ore deposit with the distribution of the Cu content . 

andesite and Rifeo-Cambrian gneisses and schists (Fig. 29) It 
contains magnetite, chalcopyrite, pyrite, sphalerite and galena. 
The eastern part of the body is bordered by unmineralized 
greenschist with small bodies of serpentinite, metadiabase 
dykes and quartz veins with Cu, Pb, and Zn suphides and gold. 
The southern part of the body, called Coka Muskal, is built of 
Jurassic limestone intruded by narrow dykes and small irreg-
ular ore bodies (nest-like-veinlets) of andesite and comprises 
pyrite and chalcopyrite. Another Cu-Au-Ag pyrite ore body 
(called "Knez Lazar") is placed south from the previous one at a 
depth of -400 m in the form of an irregular lens within tectonized 
marble at the point of contact with hydrothermally altered amphi-
bole-biotite andesite. The massive sulphide mineralization (with 
20-28% pyrite) is mostly controlled by N-S fractures. The vein-
impregnation type of ore appears only at the lens edge. The chief 
mineral is chalcopyrite; covellite and chalcocite are less abudant, 
while magnetite, hematite, pyrrhotite, melnikovite, arsenopy-
rite, bornite, sphalerite, galena and native gold appear sporad-
ically. Gold-quartz veins (0.5-3 m thick) are hosted along the 
schistosity of the Rifeo-Cambrian gneisses and greenschists. 

In the Northern Mining Area (Figs. 27a, 28c) the polymetallic 
gold deposit called "Tenka" consists of several ore bodies 
emplaced in a brecciated zone at the point of contact of Upper 
Cretaceous volcanics and Jurassic limestone. The main type of 
mineralization is massive while stockwork-impregnation ore 
occurs only on its margin. There are three ore bodies with 
columnar, lensoid or irregular shape. The first one plunges 
westward and comprises fragments of sphalerite in a tectonic 
breccia and narrow strips of massive pyrite; the second con-

tains massive pyrite with jets and strips of sphalerite - it was 
generated through the deposition of Pb-Zn mineralization in the 
previously formed massive Cu-pyrite ore body and has a lower 
concentration of Zn and Pb and a higher content of S, Au and 
Cu; the third is formed in tectonized zones at the point of con-
tact of limestone (Mt. Starica) and Upper Cretaceous volcanics 
and comprises Cu-pyrite-type mineralization with subordinate 
Pb-Zn. The most widespread ore minerals within "Tenka" are 
pyrite, sphalerite, galena chalcopyrite, enargite, luzonite and 
bornite. Rutile, marcasite, pyrrhotite, digenite, tetrahedrite, ten-
nantite, native gold, petzite and lindstromite appear sporadically. 
The "Tenka" deposit contains a high concentration of gold in 
native form (grains) and in aggregates with lindstromite and 
hessite-petzite. The narrow oxidation zone close to the lime-
stone contains limonite, azurite, malachite, native copper, cerus-
site, smithsonite, cuprite etc. Oxidation "pockets" along the fault 
zones contain chalcocite, covellite, bomite and idaite. 

The central chalcopyrite ore body has an oval shape in 
plan view and is a stockwork-impregnation type controlled by 
NNW-SSE fault structures. Here, andesite and quartz diorite 
dykes are intruded into the gneisses. The average copper con-
tent is 0.45% with 0.4 g/t of Au. A smaller Cu-pyrite massive 
and metasomatic ore bodies are located west and east of the 
Norther Mining Area. 

The Coka Marin polymetallic massive sulphide ore deposit 
is located south of Majdanpek in the Vlaole-Jasikovo ore field. 
The volcanic area of Coka Marin comprises volcanics and vol-
canoclastics (hornblende-biotite or pyroxene andesite, dacite, 
volcanic breccia, tuff) and associated quartz diorite of 74-69 
Ma and diorite of - 7 0 Ma (K-Ar data: Zivkovic & Knezevic, 
2002). Andesite-dacite volcanic breccia and tuffs (72 Ma, K-
Ar data: Zivkovic & Knezevic, 2002) host ore mineralization 
(Fig. 30). According to Clark & Ullrich (2004), ages of 83 ± 1 to 
89.0 ± 0.6 Ma are obtained for the high-potassium calc-alkaline 
andesites of the first volcanic stage (40Ar-wAr data). It is a vol-
canogenic-hydrothermal high sulphidation type epithermal ore 
deposit hosted within the Late Maastrichtian andesite-dacite. 
The main hydrothermal alteration zones contain quartz, alunite. 
sericite, kaolinite, diaspore ± corundum (Zivkovic et al., 1996; 
Zivkovic & Knezevic, 2002, and reference therein). 

Ore bodies appear in irregular lenses in similar order to the 
stratiform type of mineralization (Jankovic, 1990) and contain 
massive, stockwork and disseminated ore. Massive sulphide 
ore content reaches up to 3% Cu, 5-8% Zn and up to 1% Pb 
with 1 60% pyrite content. The main ore minerals are pyrite, 
"gelpyrite", pyrrhotite, marcasite, enargite, luzonite, chalcopy-
rite. Bornite, native gold, sphalerite, galena, Pb-Sb sulphosalts, 
stannite, cassiterite and bravoite appear sporadically. Distribu-
tion of pyrite-Cu and pyrite-sphalerite-galena-chalcopyrite 
mineralization is zonal. Gold occurs in native form or in asso-
ciation with sulphides. The highest Au concentration (4.6-23 
g/t) occurs between the advanced argillitic alteration zone and 
the silicificated and kaolinized andesite breccia. This ore con-
tains 159 g/t of Ag, 0.6% of Cu 7.4% o f Z n and 2.25% of Pb. 
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Rajko's Cave is located 2.5 km from the center of Majdanpek. 
The overall length of the cave is 2304 meters. Air temperature 
is constant, 8 °C and the relative humidity is 100%. The cave 
consists of two physically separated caverns: an underground 
river channel and a spring cave, both of which have two 
floors. It is very rich in cave jewelry: marvelously-shaped sta-
lactites and stalagmites, halls and galleries, cave columns, cur-
tains, draperies, etc. (Fig. 31). The cave was first explored by 
Serbia's greatest geographer Jovan Cvijic in 1894. 

15* km from Majdanpek toward Donji Milanovac there is 
a natural stone arch - overpass (about 20 m high). 

4.13 Field stop 13: Rudna Glava 
- magnetite ore deposit 

Rudna Glava is located in the area of the Porecka River head-
waters (Fig. 32). It belongs to Majdanpek municipality. The 
administrative center of the village is located 24 km from 
Majdanpek along the Pozarevac-Majdanpek-Negotin high-
way. The total area of the community is 115,6 km2. The land-
scape is Alpine with heights ranging between 190 and 830 m 
a.s.l. Rudna Glava is a dispersed type of settlement with 
dwellings located on the hill slopes and summits (called 
"kulma"). The magnetite ore deposit is situated on the south-
ern and southeastern slope of Okno Hill. 

The oldest traces of human presence in the Rudna Glava 
community date from the Eneolithic period (5000 BC), the 
closing epoch of the Stone Age. In 1968, a prehistoric mine 
site was discovered on the hill Coka Oknji (473 m a.s.l.), 2.4 
km from the center of the town. The scientific public is almost 
unanimous in considering this site to be Europe's the oldest 
copper mine. It is further regarded as the best preserved pre-
historic mining site in the world. Since prehistoric times there 
have been numerous periods of mining activity (Fig. 34a). In 
fact the name Rudna Glava is a Slavic term related to the ore 
and it probably originates from the Middle Ages. Mining con-
tinued in the period of Ottoman domination and also during 

Fig. 30 . O u t l i n e sec t ion th rough the o r e b o d y C o k a Mar in . 

Austrian Occupation (1718-1739). In the liberated Principality 
of Serbia, mining operations were reactivated in 1848. 
However, mining faced continuous decline in the late 19"' and 
early 20* century and finally ceased in 1963 (-350 Mt of mag-
netite was extracted). 

The magnetite deposit is located at the point of contact of 
the Variscan granitoid body named Gornjane and calcareous 
rocks metamorphosed into garnet and pyroxene skarn and 
hornfels. On the margins of the magnetite ore body, younger 
sulphide mineralization occurs (mostly chalcopyrite, sphalerite, 

Fig. 31 . R a j k o ' s cave . 
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Coka Ognji 

Fig. 32. Rudna Glava magnet i te ore deposit at the top of the hill Coka Ognj i and remains of old mining holes (a). 

Fig. 33. The medieval Golubac fortress. 

bismuthinite, molybdenum and native gold). Within the contact 
zone four sub-zones can be distinguished: andalusite- biotite 
(0.1 m thick), garnet-pyroxene with magnetite ores (0.15 m 
thick), medium- to low-7 skarn (up to 15 m thick) with sul-
phide mineralization and marbled limestone. 

The Gornjane composite granitoid pluton from the Variscan 
age is granodioritic in composition and is one of the largest in 
East Serbia (160 km2). Quartz monzonites and granites make 
up its central part. Quartz monzodiorite, quartz diorite, diorite 
and syenite occur along the margins of the granodiorite body. 
Transition to tonalities is also noted. 

The granitoid pluton is intruded into metamorphic and sed-
imentary Paleozoic rocks. The age of the pluton has not been 
precisely determined - there are two data available only: 222 
Ma (made on radiogenic lead from zircon) and 304 Ma (Rb/Sr 
method on biotite), Deleon et al. (1962). 

4.14 Field stop 14: Derdap Gorge and the 
Golubac medieval fortress 

It is amazing to drive along the bank of the Danube. Locations such 
as this where nature and cultural heritage are so interwoven are 

very rare in the world. From ancient times, the Danube has pro-
vided a livehood to all those who lived along its banks. Here, 
civilizations have followed each other in succession for more 
than ten thousand years, from prehistory to Roman times, from 
the Middle Ages to the present day. The high, mostly carbonate, 
mountains protected their inhabitants from Barbarian attacks. 
The remains of the Lepenski Vir prehistoric settlement, Trajan's 
Road, Table and Bridge, whose pillar stands today in the Forum 
in Rome, the Diana fortress close to Kladovo, as well as the 
medieval Golubac Fortress all bear witness to the past (Fig. 33). 
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Appendix 1 - It inerary for IMA2010 RS2 Field trip 

Saturday, August 28, 2010 (Day 0) 

Travel from Budapest to Beograd 

Sunday, August 29, 2010 (Day 1) 

8.00-8.30 Travel from Beograd through Cukarica - Makis - Rakovica from north to south-west 
8.30-10.30 Field stop 1 : Lower Cretaceous glauconitic sandstone at the section Cukarica - Makis and Rakovica stream 

10.30-12.30 Travel to Gamzigrad via Paracin along highway E75. Refreshment will be available during travel 
12.30-13.00 A short coffee break on the highway between Batocina and Jagodina 
13.00-15.00 Travel to Gamzigrad via Paracin 
15.00-17.00 Field stop 2: Sightseeing of Roman emperor palace "Felix Romuliana" and coffee break 
17.00-17.30 Travel to Boljevac: Hotel Balasevic, accommodation 

Monday, August 30, 2010 (Day 2) 

8.00-9.30 Travel to Lenovac via ZajeCar 
9.00-9.50 Field stop 3: Lower Cretaceous glauconitic sandstone of "Lenovac elastics" 
9.50-11.30 Return to Zajecar and short visit of local Museum - artefacts from Felix Romuliana and coffee break 

11.30-12.10 Travel to Bor via Rgotina 
12.10-12.40 Field stop 4: Copper ore deposit Bor - open pit mine (panorama view), Upper Senonian to Maastrichtian 

"Bor" conglomerate and pelite, and the youngest facies of the Timok Magmatic complex 
12.40-13.00 Travel to Veliki Krivelj 
13.00-13.50 Field stop 5: Copper ore deposit Veliki Krivelj - open pit mine 
13.50-14.00 Travel to Mali Krivelj 
14.00-15.00 Field stop 6: Turonian andesite of the first volcanic phase along road section (quarry) 

and copper ore deposit Mali Krivelj 
15.00-16.00 Return to Bor, lunch break 
16.00-16.15 Travel from Bor to the section near Brestovac 
16.15-16.45 Field stop 7: Senonian volcanic phase - road section andesitic volcanoclastites cut by albite trachyte dyke 
16.45-17.00 Travel to the road section close to Brestovac spa 
17.00-17.25 Field stop 8: Pyroxene andesite lava flow facies with fragments of Variscan granites 

(Senonian volcanic phase) at the road section close to Brestovac spa 
17.25-17.50 Travel to Bor Lake 
17.50-18.20 Field stop 9: Bor Lake, massive columnar to platy pyroxene andesite (Senonian volcanic phase) 
18.20-18.50 Return to Bor and travel to Donja Bela Reka 
18.50-19.10 Field stop 10. Volcanoclastites of Donja Bela Reka 
19.10-20.00 Travel to Donji Milanovac and accommodation in the 3* Hotel "Lepenski vir" 

Tuesday, August 31, 2010 (Day 3) 

8.00-8.20 Travel to Lepenski vir 
8.20-9.30 Field stop 11: Lepenski Vir, visit of Mesolithic archaeological site 
9.30-10.30 Return to Donji Milanovac and travel to Majdanpek 

10.30—12.30 Field stop 12: Majdanpek copper ore deposit and Rajko's cave 
12.30-13.00 Return to Majdanpek, coffee break 
13.00-13.30 Travel to Rudna Glava 
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13.30-14.00 Field stop 13: Magnetite ore deposit Rudna Glava 
14.00-14.30 Travel to Donji Milanovac 
14.30-15.30 Lunch break in Donji Milanovac 
15.30-16.30 Travel along the Danube Gorge to Golubac 
16.30-16.50 Field stop 14: Short visit of the medieval fortress Golubac 
16.50-18.50 Travel to Beograd, accommodation (in 3* Hotel Union) or departure 

KEY 

o First day 

© Second day 

© Third day 

t Return 

[M] 
m 

Museum 

• 
0 > Hotels 

0 

30km 
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Appendix 2 - Road log for IMA2010 RS2 Field trip 

km 0 Budapes t . 

3 5 0 Budapest - Belgrade, travel to the south by train via Subotica and Novi Sad. The train passes through the great Pannonian Basin/Plain, 
composed of Quaternary sediments. 
Field stop I: Glauconitic sandstones. From Belgrade city center to the Cukarica MakiS Rakovica locality: through the city to the intersec-

0-12 tion with road E75, then west along the Sava River - road M22 for about 3 km (first outcrop), then southeast to Rakovica - along local road 
R204 (second outcrop) 6 km further on We pass hills of Lower Cretaceous (mostly sandstone and limestone) and Upper Miocene sediments. 

Drive east along a local road ("ring-road") to highway E75. On the right we see the northern slope of Mt. Avala that signals the entry into 
17 the Main Vardar Zone made up of Upper Jurassic serpentinized peridotites and diabase - chert formations followed by Upper Cretaceous 

flysch sediments (sandstones, limestones) intruded by Tertiary calc-alkaline dykes (andesite-basalt, andesite, latite, quartz latite, dacite) 
and lamprophyre. It is here that Pb-Zn ore deposit occurs as a result of Tertiary magmatism. 

20-27 Miocene (sandstone, claystone) and diluvial sediments, exit highway E75. 
Turning on highway E75, we drive towards Paracin. At the turn we enter the Serbo-Macedonian Massif, which is covered by 

27-134 Miocene-Pliocene sediments as far as until Batodina. Hills on both sides of the road are built from crystalline schists (mostly gneisses and 
micaschists) covered by Miocene-Pliocene sediments. 

At Paracin, turn off to regional road E761 (M5), travelling east via Boljevac to Gamzigrad. About 2 km after turning off we pass the gab-
I ^ bros of Paracinska Glavica and Paleozoic low-grade metamorphics and then enter the Eastern Serbian Carpatho-Balkanides. The area from 

Davidovac to Boljevac is composed of Permian red sandstone, Devonian and Mesozoic sediments (limestones, sandstones, marls). Close 
to Boljevac we enter the Timok Magmatic complex (mostly andesite of the second volcanic phase and its volcanoclastites). 

211 Field stop 2: Gamzigrad, archeological site "Felix Romuliana". 
235 Return to Boljevac, Motel Rtanj - Balasevic (accommodation). 
^ ^ Drive along E761 road to ZajeCar, then turn southwest onto local road R248 to Lenovac - through Lower Cretaceous sediments 

(sandstone, limestone, maris). 
Field stop 3: Village of Lenovac. ("Lenovac clastics "), Albian glauconitic sandstone along the section of road running from Lenovac 
to the Gornja river. 

350 Return to Zajeiar along the M25 and visit to local Museum. 
378 Drive north along the E771 (M25) to Rgotina, then turn northwest to Bor on road R106b. 
378 Field stop 4: Bor copper ore deposit. 
385 Field stop 5: Veliki Krivelj ore deposit. 
390 Field stop 6: Andesites and Mali Krivelj-Cerovo ore deposit. 
406 Field stop 7: Road section Bor-Brestovac (R106b-R105). Ab-trachyte dyke and volcanoclastite. 
^JQ Field stop 8: Brestovac Spa, pyroxene andesite lava flow facies with fragments ofVariscan granites (Senonian volcanic phase) on the road 

section close to Brestovac Spa. 
425 Field stop 9: Bor Lake, massive columnar to platy pyroxene andesite (Senonian volcanic phase). 
444 Return to Bor-Brestovac road. Drive along road R106b. 
472 At Zagrade, turn north to the Donja Bela river. 
482 Field stop 10. Volcanoclastites of the Donja Bela river. 

Drive along road R106 to MiloSeva Kula. After the Donja Bela river we pass through Paleozoic sediments and low grade metamorphics, 
intruded by Variscan Gornjane granitoid pluton. 

From MiloSeva Kula via Klokodevac to the intersection of R106-M25.1 we drive through the Porei high-to-medium-grade crystalline com-
X plex (gneisses, mica schists, amphibolites, quartzites) and then along the Danube gorge (road M25.1) to Donji Milanovac. 

544 Donji Milanovac. 3* Hotel Lcpenski Vir (accommodation). 
564 Field stop 11: Prehistoric settlement "Lcpenski Vir", and return to Donji Milanovac. 
587 Donji Milanovac Majdanpek, road R104; the area is composed of the aforementioned crystalline rocks. 
5S7 Field stop 12: Majdanpek porphyry copper deposit. 
592 Visit to Rajko'a Cave, and drive to Rudna Glava along the M24. 
612 Field stop 13: Rudna Glava magnetite ore deposit. 
627 Milofcva Kula, then turn north on the R106 to the intersection with road M25.1. 
648 To Donji Milanovac on road M25.1. 
700 Field slop 14: Gohibac, medieval fortress. 
759 Along the M251 to Veliko Gradiitc and PoSarcvac to the intersection with highway E75. 
819 A l o n g h i g h w a y E75 to Be lgrade , overn igh t a c c o m m o d a t i o n and depar tu re . 
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INSTRUCTIONS FOR AUTHORS 

GENERAL 

Acta Mineralogica-Petrographica (AMP) publishes articles (papers 
longer than 4 printed pages but shorter than 16 pages, including fig-
ures and tables), notes (not longer than 4 pages, including figures and 
tables), and short communications (book reviews, short scientific 
notices, current research projects, comments on formerly published 
papers, and necrologies of 1 printed page) dealing with crystallogra-
phy, mineralogy, ore deposits, petrology, volcanology, geochemistry 
and other applied topics related to the environment and archaeome-
try. Articles longer than the given extent can be published only with 
the prior agreement of the editorial board. 

In the form of two subseries, AMP publishes materials of confer-
ences (AMP Abstract Series) and field guides (AMP Field Guide Series), 
or, occasionally supplement issues related to other scientific events. 

The journal accepts papers that represent new and original scien-
tific results, which have not appeared elsewhere before, and are not 
in press either. 

All articles and notes submitted to AMP are reviewed by two ref-
erees (short communications will be reviewed only by one referee) 
and are normally published in the order of acceptance, however, 
higher priority may be given to Hungarian researches and results 
coming from the Alpine-Carpathian-Dinaric region. Of course, the 
editorial board does accept papers dealing with other regions as well, 
let they be compiled either by Hungarian or foreign authors. 

The manuscripts (prepared in harmony of the instructions below) 
must be submitted to the Editorial Office in triplicate. All pages must 
carry the author's name, and must be numbered. At this stage (revi-
sion), original illustrations and photographs are not required, though, 
quality copies are needed. It is favourable, if printable manuscripts 
are sent on disk, as well. In these cases the use of Microsoft Word or 
any other IBM compatible editing programmes is suggested. 

LANGUAGE 

The language of AMP is English. 

PREPARATION OF THE MANUSCRIPT 

The different parts of the manuscript need to meet the instructions below: 

Title 
The title has to be short and informative. No subtitles if possible. If 
the main title is too long, an additional shortened title is needed for 
the running head. 
Author 
The front page has to carry (under the main title) the full name(s) 
(forename, surname), affiliation(s), current address(es), e-mail 
address(es) of the author(s). 
Abstract and keywords 
The abstract is required to be brief (max. 250 words), and has to highlight 
the aims and the results of the article. The abstracts of notes are alike (but 
max. 120 words). As far as possible, citations have to be avoided. 

The abstract has to be followed by 4 to 10 keywords. 

Text and citations 
The format of the manuscripts is required to be: double-spacing 
(same for the abstract), text only on one side of the page, size 12 
Times New Roman fonts. Margin width is 2.5 cm, except the left 
margin, which has to be 3.5 cm wide. Underlines and highlights 
ought not be used. Please avoid the use of foot and end notes. 
Accents of Romanian, Slovakian, Czech, Croatian etc. characters 
must be marked on the manuscript clearly. 

When compiling the paper an Introduction - Geological setting -
Materials and Methods - Results - Conclusions structure is suggested. 

The form of citations is: the author's surname followed by the 
date of publication e.g. (Szederkényi, 1996). In case of two authors: 
(Rosso and Bodnar, 1995) If there are more than two authors, after 
the first name the co-authors must be denoted as "et al.", e.g. (Roser 
et al., 1980). 

REFERENCES 

The reference list can only consist of published papers, M.Sc., Ph.D. 
and D.Sc. theses, and papers in press. 

Only works cited previously in the text can be put in the refer-
ence list. Examples: 
Best, M.G., Christiansen, E.H. (eds.) (2001): Igneous petrology. 

Blackwell, Edinburgh, 458p. 
Upton, B.G.J., Emeleus, C.H. (1987): Mid-Proterozoic alkaline mag-

matism in southern Greenland: the Gardar province. In: Fitton, 
J.G., Upton, B.G.J, (eds.): Alkaline Igneous Rocks. Blackwell, 
Edinburgh, 449X72. 

Rosso, K.M., Bodnar, R.J. (1995): Microthermometric and Raman 
spectroscopic detection limits of C02 in fluid inclusions and the 
Raman spectroscopic characterization of C02. Geochimica et 
Cosmochimica Acta, 59, 3961-3975. 

Szederkényi, T. (1996): Metamorphic formations and their correla-
tion in the Hungarian part of Tisia Megaunit (Tisia Megaunit 
Terrane). Acta Mineralogica-Petrographica, 37, 143-160. 

Bakker, R.J. (2002): http://www.unileoben.ac.at/~buero62/minpet/ 
Ronald/Programs/Computer.html. Accessed: June 15, 2003. 

The full titles of journals ought to be given. In case more works of 
the same author are published in the same year, then these has to be 
differentiated by using a, b, etc. after the date. 

ILLUSTRATIONS 

Finally, each figure, map, photograph, drawing, table has to be 
attached in three copies, they must be numbered and carry the name 
of the author on their reverse. All the illustrations ought to be print-
ed on separate sheets, captions as well if possible. Foldout tables and 
maps are not accepted. In case an illustration is not presented in dig-
ital form then one of the copies has to be submitted as glossy photo-
graphic print suitable for direct reproduction. Photographs must be 
clear and sharp. The other two copies of the illustrations can be qual-
ity reproductions. Coloured figure, map or photograph can only be 
published at the expense of the author(s). 

The width of the illustrations can be 56, 87, 118, or 180 mm. The 
maximum height is 240 mm (with caption). 

All figures, maps, photographs and tables are placed in the text, 
hence, it is favourable if in case of whole page illustrations enough 
space is left on the bottom for inserting captions. In the final form the 
size of the fonts on the illustrations must be at least 1,5 mm, their out-
line must be 0,1 mm wide. Digital documents should be submitted in 
JPG-format. The resolution of line-drawings must be 400 dpi, while 
that of photographs must be 600 dpi. The use of Corel Draw for 
preparing figures is highly appreciated, and in this case please submit 
the .CDR file, as well. 

PROOFS AND OFFPRINTS 

After revision the author(s) receive only the page-proof. The accept-
ed and revised manuscripts need to be returned to the Editors either 
on disc, CD or as an e-mail attachment. Proofreading must be limit-
ed to the correction of typographical errors. If an illustration cannot 
be presented in digital form, it must be submitted as a high quality 
camera-ready print. 

The author(s) will receive 25 free offprints. On payment of the 
full price, further offprints can be ordered when the corrected proofs 
are sent back. 
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